The consequences of light adaptation and acclimation of photosynthesis on photosynthetic nitrogen use efficiency (NUE), particularly as it relates to the efficiency of ribulose-1,5-bisphosphate carboxylase (Rubisco) use in photosynthetic CO2 assimilation, was studied in the sun species Glycine max and the shade species Alocasia macrorrhiza. Both G. max and A. macrorrhiza were found to possess the capacity for light acclimation of CO2 assimilation, but over distinctly different ranges of photon flux density (PFD). For each species, light acclimation of photosynthesis had little effect on the rate of photosynthesis per unit Rubisco protein or the light response of Rubisco carbamylation and CAIP metabolism. In contrast, photosynthesis per unit Rubisco protein was significantly higher in G. max than in A. macrorrhiza, due in part to a lower total (fully carbamylated) molar activity (activity per unit enzyme) of A. macrorrhiza Rubisco than that of G. max. Comparison of the light response of Rubisco regulatory mechanisms between G. max and A. macrorrhiza indicated some degree of adaptation, such that carbamylation was higher and CAlP levels lower at lower PFDs in the shade species than the sun species. However, this adjustment was not sufficient for Rubisco in low light grown A. macrorrhiza to be fully active at the growth PFD. Photosynthesis in A. macrorrhiza appeared to become RuBP regeneration-limited at lower PFDs than G. max, and this was probably the determinant of the light saturated rate of photosynthesis in the shade species. The low efficiency of Rubisco use in A. macrorrhiza was a major contributing factor to its five-to sixfold lower photosynthetic NUE than G. max. Shade species such as A. macrorrhiza appear to make far from maximal use of Rubisco protein N.
Plant species are typically genetically predisposed (adapted) for growth over a specific range of PFD.2 These so-called sun or shade plants may also possess the capacity to respond to differences in PFD within the PFD range which they are adapted to grow (acclimation). Both 2Abbreviations: PFD, photon flux density; CA IP, 2-carboxyarabinitol 1-phosphate; C,, intercellular CO2 partial pressure; N, total nitrogen; NUE, nitrogen use efficiency; RuBP, ribulose 1,5-bisphosphate; Rubisco, RuBP carboxylase (EC 4.1.1.39). morphology, physiology, and biochemistry of the plant, including photosynthesis (for review, see ref. 2) . Adaptation/ acclimation of the photosynthetic apparatus involves changes in the levels of carbon reduction cycle enzymes, electron transport components, and proteins and pigments associated with light harvesting. This adaptation/acclimation is often characterized by a redistribution of resources among these components of the photosynthetic apparatus, and is dominated by the capacity of the plant to change the proportion of leaf N dedicated to Rubisco protein (for review, see ref. 6 ). Since as much as 20 to 25% of total N in a leaf may be contained in Rubisco (5) , changes in the activity and/or regulation of this enzyme associated with light adaptation/ acclimation could have a considerable impact on photosynthetic NUE. Rubisco activity is light-dependent, both because production of the substrate RuBP is dependent upon ATP and NADPH production, and because mechanisms for the control of this enzyme's activity are linked to PFD (for review, see refs. 9 and 11). These mechanisms, carbamylation-decarbamylation, Rubisco activase, and CA 1P metabolism, affect the efficiency of Rubisco use. At low PFDs, where the capacity for RuBP regeneration typically limits photosynthesis, the efficiency of Rubisco use is potentially low, as evidenced by the fact that the activity of the enzyme is generally reduced by these regulatory mechanisms to match the reduced capacity for RuBP regeneration (3, 8) . Plants 
Photosynthesis and Rubisco Measurements
Measurements of CO2 assimilation rates of attached, intact leaves were made using a gas exchange system described by Kobza and Seemann (8) Measurement of Rubisco carbamylation, molar activity, and content were made using half of the frozen leaf sample, as described by Kobza and Seemann (8) . The carbamylation percentage (activation state) of Rubisco is the initial activity (substrate-saturated activity of rapidly extracted enzyme) divided by the fully carbamylated activity (total activity) (x 100). It should be noted that the carbamylation percentage does not include any catalytic sites bound with a tight binding inhibitor such as CAl P, since those sites have no activity in either the initial or total assays.
The total molar activity (activity per unit enzyme) of Rubisco was obtained by determining the enzyme content in the extract by '4C-labeled 2-carboxyarabinitol 1,5-bisphosphate binding, as described by Kobza and Seemann (8) . The molar activity of Rubisco (mol CO2 mol' Rubisco s-') was calculated by dividing the total activity (fully carbamylated activity) by the Rubisco content. This value is dependent on the concentration of tight-binding inhibitors (e.g. CAl P) in the leaf and not on the carbamylation state (8) .
RuBP assays were carried out with HCl04 acid extracts of the other half of the leaf disc, as described by Kobza and Seemann (8) . Chl concentration was determined according to Arnon (1) on an aliquot of the initial leaf Rubisco extract taken prior to centrifugation.
RESULTS AND DISCUSSION Model for Sun/Shade Adaptation/Acclimation
This section presents a model for sun/shade (high light/low light) adaptation/acclimation of photosynthesis and Rubisco regulation. The data presented in Figure 1 are hypothetical, but reflect what is already known about light adaptation/ acclimation of photosynthesis and the effects of changing PFD on Rubisco activity. Figure IA illustrates the light response of photosynthetic CO2 assimilation for hypothetical sun and shade species (or sun and shade leaves of one species). The sun plant/leaf (adapted or acclimated for growth at high PFD) is postulated to have a light-saturated photosynthetic rate (on a leaf area basis) that is twice that of the shade plant/ leaf(adapted or acclimated for growth at low PFD). The PFD at which photosynthesis is light saturated in the sun plant/ leaf is also twice that of the shade plant/leaf. The sun plant/ leaf would then be expected to contain twice the amount of Rubisco protein per unit leaf area as the shade plant/leaf in order to support the twofold higher rate of photosynthesis. These relative levels of Rubisco protein assume that Rubisco activity per unit enzyme is equal between the sun and shade species/leaves, that there is no light regulation of Rubisco activity, and that the rate of photosynthesis is limited by Rubisco activity. The rates of photosynthesis on a leaf area basis (Fig. 1A) can then be expressed on the basis of the Rubisco content (mol CO2 fixed mol' Rubisco-s-') ( Fig.  1B) . Maximal rates of photosynthesis per unit Rubisco would then be equal in the two plants/leaves, but the shade plant/ leaf would achieve that maximal rate at half the PFD as the sun plant/leaf.
Light regulation of Rubisco activity can now be imposed upon these hypothetical sun and shade plants/leaves. Evi Figure 1 , C and D. In this hypothetical example, Rubisco in the shade plant/leaf is fully active at one-half the PFD at which both full carbamylation and the maximum molar activity (all CAl P metabolized) is achieved in the sun plant/leaf. This adjustment ofRubisco regulation would allow the shade plant/leaf to use half as much Rubisco to achieve half the photosynthetic rate of the sun plant/leaf. Alternatively, if the Rubisco in the shade plant/leaf retained the regulatory characteristics of the Rubisco in the sun plant/leaf, the carbamylation state and total activity of Rubisco at the light saturation point for photosynthesis would be those indicated by the solid circles on the sun plant/leaf Rubisco responses in Figure 1 , C and D. The resultant 50% lower Rubisco activity (25% reduction associated with each of the two regulatory mechanisms) of the same amount of Rubisco would cause the shade plant/leaf to achieve only half the photosynthetic rate per unit area and per unit Rubisco (solid circles in Fig. 1 , A and B) as it would with the adjusted Rubisco regulatory characteristics. The effect of each of these two regulatory options on photosynthetic NUE can then be approximated. The assumption is made that 10% of the N in the hypothetical shade plant/leaf is Rubisco protein (similar to A. macrorrhiza; 12) , and that this plant/leaf exists in a habitat with a maximum incident PFD of 250 ,umol quanta m-2 s-'. In the hypothetical plant that can acclimate (or has adapted) Rubisco regulatory characteristic to lower PFDs, all 10% ofthat protein N would be in active Rubisco at 250 ,umol quanta m-2 s-'. In contrast, the hypothetical plant/leaf which cannot acclimate Rubisco regulation would have 5% of its total leaf N (one-half of its Rubisco) inactive at 250 ,umol quanta m-2 s-'. At greater Rubisco N/Total N ratios, the reduction in NUE would be proportionately greater. A shade plant/leaf growing at less than 250 Amol quanta m-2 s-' with no further adjustment of Rubisco regulatory characteristics would also suffer a reduction in photosynthetic NUE.
This model for light acclimation of photosynthesis is compared in the following sections to data for the sun species Glycine max and the shade species Alocasia macrorrhiza, each grown at two different PFDs.
Photosynthesis per Unit Leaf Area
The response of photosynthetic CO2 assimilation per unit leaf area by G. max grown at either high (1000-1500 ,umol quanta m-2 s-') or low (250-500 umol quanta m-2 s-') PFD is shown in Figure 2A . In both the low light and high light grown plants, photosynthesis was light saturated at approximately 500 ,umol quanta m-2 s-'. The light saturated rate of photosynthesis was approximately 40% higher in the high light than low light grown G. max (Table I) . C1 was similar in plants from the two growth treatments (Table II) .
In A. macrorrhiza, the pattern of photosynthetic acclimation was qualitatively similar to that in G. max, although rates of CO2 assimilation and the PFD required for saturation of Table II . Leaf nitrogen contents were calculated from the linear regressions for Rubisco versus leaf nitrogen in Figure 3 of Seemann et al. (12) . N data for P. vulgaris was used for G. max. be the result of not only the difference in C1, but also the somewhat lower rates of photosynthesis for A. macrorrhiza than have been observed in some other studies (12, 14) , although not all (13) .
Rubisco Carbamylation
The steady state values of Rubisco carbamylation in leaves of both high and low light grown G. max and A. macrorrhiza (associated with the photosynthetic rates shown in Fig. 2 ) are shown in Figure 3A . The relationship between carbamylation and PFD was similar for both high and low light grown plants of each species. In G. max Rubisco carbamylation increased in a curvilinear fashion from 40 to 50% at low PFDs to 85 to 95% at 1000 ,amol quanta m-2 s-', with a PFD for light saturation of approximately 500 umol quanta m-2 s-', similar to that for photosynthesis ( Fig. 2A) (Fig.  3A) and photosynthesis became light saturated (Fig. 2A ). There were no significant differences in the light response of the total molar activity of Rubisco (CA1P metabolism) be At high PFD, the total molar activity of Rubisco should reflect the maximum specific activity of the enzyme, since all CAl P should be degraded above approximately 500 usmol quanta m-2 s-' (8, 10 The initial activity of Rubisco is the result of both carbamylation and CAl P effects on its activity, and the light response of this activity is shown in Figure 3C . max (approximately 500 ,umol quanta m-2 s-'). This result suggests a genetically based difference in the light regulation of Rubisco between these two species, and is in agreement with the hypothesis concerning efficient use of Rubisco for photosynthesis.
These differences between G. max and A. macrorrhiza in Rubisco regulation and activity result in significant differences in the relationship between photosynthesis per unit Rubisco protein (from Fig. 2B ) and the initial activity of Rubisco (Fig.  4) . There was a significant linear relationship between these two parameters for each species, as has been demonstrated for a number of other species (3, 8) . However, the slope of the relationship for G. max (1.12) was approximately threefold higher than that for A. macrorrhiza (0.35).
RuBP Pool Sizes
Measurement of the RuBP pool size in high and low light grown G. max and A. macrorrhiza indicated little difference in the amount of this compound per unit leaf area between light treatments of a single species (Fig. 5) . The shape of the response of the RuBP pool size to PFD was similar in both species. However, the RuBP pool size in A. macrorrhiza was significantly lower than in G. max at all PFDs. Since Rubisco levels per unit leaf area were somewhat higher in A. macrorrhiza than G. max (Tables I and II) 
